Michigan Technological University

Digital Commons @ Michigan Tech
Michigan Tech Patents

Vice President for Research Office

12-15-2009

Production of iron using environmentally-benign renewable or
recycled reducing agents
Timothy C. Eisele
Michigan Technological University, tceisele@mtu.edu

Surendra Komar Kawatra
Michigan Technological University, skkawatr@mtu.edu

Follow this and additional works at: https://digitalcommons.mtu.edu/patents
Part of the Civil and Environmental Engineering Commons, and the Materials Science and Engineering
Commons

Recommended Citation
Eisele, Timothy C. and Kawatra, Surendra Komar, "Production of iron using environmentally-benign
renewable or recycled reducing agents" (2009). Michigan Tech Patents. 110.
https://digitalcommons.mtu.edu/patents/110

Follow this and additional works at: https://digitalcommons.mtu.edu/patents
Part of the Civil and Environmental Engineering Commons, and the Materials Science and Engineering
Commons

US007632330B2

(12) United States Patent

(io) Patent No.:
( 45 ) Date of Patent:

Eisele et al.
(54)

PRODUCTION OF IRON USING
ENVIRONMENTALLY-BENIGN RENEWABLE
OR RECYCLED REDUCING AGENTS

(75)

Inventors: Timothy C. Eisele, Atlantic Mine, MI
(US); Surendra Komar Kawatra,
Houghton, MI (US)

(73)

Assignee: Michigan Technological University,
Houghton, MI (US)

( *)

Notice:

Subject to any disclaimer, the term o f this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

4,360,378 A
4.571.259 A
4.751.259 A

US 7,632,330 B2
Dec. 15,2009

* 11/1982 Lindstrom ....................... 75/448
2/1986 Feyetal.
6/1988 R oeetal.

(Continued)
FOREIGN PATENT DOCUMENTS
EP

1264901

11/2002

(Continued)
OTHER PUBLICATIONS
Machine translation of JP 2001-003063.*

(Continued)

(21)

Appl.No.: 11/716,352

Primary Examiner—George Wyszomierski
(74) Attorney, Agent, or Firm—James V. Harmon

(22)

Filed:

(57)

(65)

Mar. 9, 2007
Prior Publication Data

US 2007/0209480 A l

Sep. 13, 2007

Related U.S. Application Data
(60)

Provisional application No. 60/781,796, filed on Mar.
13, 2006.

(51)

Int.Cl.
C21B 13/00
(2006.01)
U.S. Cl........................... 75/10.46; 75/10.63; 75/471;
75/490
Field of Classification Search ................... 75/321,
75/319, 746, 722
See application file for complete search history.

(52)
(58)

(56)

References Cited
U.S. PATENT DOCUMENTS
4,062,673 A
12/1977 Roberts
4,160,663 A * 7/1979 Hsieh .............................. 75/495
4,239,530 A * 12/1980 Goksel ............................ 75/478

ABSTRACT

To produce metallic iron from iron ore, a composition com
prising a mass of material formed from a mixture o f iron ore
particles and particles of a reductant that is either a biomass
material in particulate form or a plastic resinous material in
particulate form is used. The reductant can also be a mixture
of biomass material and resin in any proportions. The mass of
material comprises at least one body having a shape adapted
for smelting such as pellets, briquettes, pieces or lumps. The
pellets have sufficient cohesion to maintain the shape into
which they have been formed. The invention also provides a
new method for smelting iron from its ore which comprises
subdividing the ore into particles of a selected size, mixing the
subdivided ore particles with particles of a biomass material
or particles of a plastic resinous material or with mixtures
thereof, forming a mass of the mixture into at least one body
with a shape that is suited for smelting in a furnace and
placing the body in a furnace and exposing it to sufficient heat
to bring the iron therein to smelting temperature within the
furnace to thereby produce metallic iron directly from the ore.
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(Cl
in these direct iron processes,coal is used as the reductant
for the metal oxide. Up to the time of the present invention,
commercial direct iron nugget smelting technologies
depended upon coal as the reducing agent. To produce the
necessary heat, traditional iron making technologies require
either coke for blast furnaces or natural gas for direct reduced
iron. As a fossil fuel, coal and natural gas is not sustainable in
the long term and also leads to increasing levels of carbon
dioxide in the atmosphere. Thus, prior to the present inven
tion, it has been widely assumed that only fuels with at least
as much energy content as coal were capable of producing the
heat and the reducing gases necessary for reducing iron
oxides to metallic iron nuggets. Consequently, heretofore
only substances such as coal or coke containing large
amounts of free carbon have been relied upon in the smelting
process. However, besides being a limited nonrenewable
resource, the burning of coal has caused environmental prob
lems through the distribution of heavy metals such as mercury
into the environment and the production of greenhouse gases
which are widely acknowledged to be undesirable.
In view of these and other deficiencies in the prior art, it is
one object of the invention to provide a new composition and
method for the production of metallic iron from its ore that
does not require charcoal, coal or coke yet allows the metal to
be produced directly from the ore so that a metallic iron
product can be produced for example in close proximity to the
mine site allowing the metal to be marketed directly to numer
ous scrap remelters and other steel makers without passing
through the traditional blast furnace process of iron produc
tion.
Another object is to produce metallic iron from its ore
using renewable or recyclable materials without any kind of
pretreatment of renewable materials such as the production of
charcoal.
Still another object is to provide a direct iron process for
producing metallic iron from its ore that constitutes an envi
ronmentally sustainable industry.
A more specific object is to provide a new composition and
method for direct iron production wherein the reductant itself
can act as the binder for holding a mass of material together
without the requirement of an additive for this purpose.
Still another object of the invention is to provide a new
composition and method for the production of metallic iron
from its ore that results in less contamination of the finished
product and smaller quantities of slag.
Yet another object is to provide a process of the type
described in which the slag is readily separated from the
metallic iron that is produced.

This application claims the benefit of provisional applica
tion Ser. No. 60/781,796 bearing the same title and filed Mar.
13, 2006 which is incorporated herein by reference.
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FIELD OF THE INVENTION
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This invention relates to the smelting of ore and more
particularly a composition and method for the production of
metallic iron from iron ore.
BACKGROUND OF THE INVENTION
Since ancient times iron production from iron ore made use
of fuels such as coal or charcoal containing free carbon to
produce the heat and reducing gases necessary for reduction
of the ore. Wood alone produces much less heat, about 6,0008,000 BTU/lb. compared with coal (12,000-15,000 BTU/lb)
and coke (about 12,000-15,000 BTU/lb). In early times with
small furnaces and simple air blowing equipment, the tem
peratures were not high enough to form iron carbide so the
iron that formed initially was of little value and the ironmas
ters had to wait until the fire burned out to retrieve the
“bloom,” a mass of 25-50 lbs. of iron containing little carbon
that could be foiged into weapons. Charcoal was used until
about 1860 and after that coke produced from coal became the
standard fuel for iron smelting. Coal consists largely of free
carbon. Hard coal contains about 6% volatile matter and soft
coal contains somewhat larger amounts of volatile matter.
Coke has more free carbon and is made from coal by burning
coal with restricted oxygen and maintaining the temperature
of about 1,000° C.-1,300° C. to crack large molecules and
drive off volatiles leaving the coke which has a higher
mechanical strength and contains about 85-90% free carbon
to provide the high temperatures required in iron smelting. In
a modem furnace, alternate layers of iron ore, limestone and
coke are placed in the furnace. Coke provides the heat
required as well as the reducing gases necessary to convert the
ore to metallic iron so that in a typical furnace 2,000 tons of
iron ore (Fe30 4), 500 tons of coke and 400 tons of limestone
will produce 1,000 tons of pig iron per day as well as 500 tons
of slag and a laige volume of combustible gas.
In the last few years methods have been developed for what
is known as direct iron production; also referred to as the
production of iron nuggets from iron ore as described for
example in the following journal articles:
Kobayashi I., Tanigahi Y. and Uragami A, A New Process to
produce Iron Directly From Fine Ore and Coal, Iron and
Steelmaker, Vol. 28, No. 9, 2001, pp. 19-22.
Negami T., 2001, ITMK3 Premium Ironmaking Process for
the New Millenium, Direct from Midrex Ist Quarter 2001.
Tsuge O., Kikukuchi S., and Tokuda K., Successful Iron
Nugget Production at ITmk3 Pilot Plant, 61st Ironmaking
Proceedings, Nashville, Tenn., 2002.
Anameric B. and Kawatra S. K., Laboratory Study Related to
the Production and Properties of Pig Iron Nuggets, Miner
als and Metallurgical Processing, Vol. 23, No 1, Feb. 2006
(a), pp. 52-56.
Anameric B., Rundman K. B. and Kawatra S. K., Carburiza
tion Effects on Pig Iron Nugget Making, Minerals and
Metallurgical Processing, Vol. 23, No 3, March 2006, pp.
139-151.
Anameric B. and Kawatra S. K., Pig Iron Nuggets Versus
Blast Furnace Pig Iron, Presented at TMS Fall Extraction
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A further object is to provide an improved method and
composition for the production of metallic iron which is
stable against corrosion, can conveniently be shipped, is suit
able feed stock for steel making either by remelting in electric
furnaces or as replacement for scrap iron in the basic oxygen
furnaces and that is able to employ a wide variety of readily
available raw materials as well as other advantages and ben
efits that will be apparent from the following description.
These and other more detailed and specific objects of the
invention will be apparent from consideration of the accom
panying specification claims and drawings which illustrate by
way of example but a few of the various ways in which the
invention can be accomplished within the scope of the
appended claims.

FIG. 3 shows the appearance of a typical pellet after smelt
ing to illustrate metallic iron bodies separate from the slag and
FIG. 4 is a diagrammatic longitudinal sectional represen
tation of one example to illustrate the use of the invention on
an industrial scale.
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SUMMARY OF THE INVENTION
One aspect of the invention concerns the production of
metallic iron from its ore which employs a composition com
prising a mass of material formed from a mixture of iron ore
particles and particles of a reductant that is either a biomass
material in particulate form or a plastic resinous material in
particulate form. The reductant can also be a mixture of these
two substances in any proportions. While the materials can be
pieces of any suitable size, it is preferred that the iron as well
as the reductant be in particulate form. It is also preferred that
the mass of material be a coherent mass formed into bodies of
a selected shape adapted for smelting such as pellets, pieces
or lumps, and that the composition have sufficient cohesion to
maintain the shape into which the mass has been formed. By
the term “coherent mass” is meant a mass of material with at
least enough cohesion to retain its shape i.e., to remain an
integral body.
Another aspect of the invention is a provision of a new
method for smelting iron from its ore which comprises sub
dividing the ore into particles of a selected size, mixing the
subdivided ore particles with particles of a biomass material
or particles of a plastic resinous material or with mixtures
thereof, forming a mass of the mixture into a predetermined
shape that is suited for smelting in a furnace, placing the
shaped mass in the furnace and exposing it to sufficient heat
to raise the temperature of the composition to bring the iron
therein to smelting temperature for thereby producing metal
lic iron directly from the ore. Heat can be produced in any
convenient manner as by means of electric heating, by radia
tion or by the combustion of a gaseous, liquid or solid fuel
within the furnace. In spite of the fact that there is virtually no
free carbon in the reductant that is placed in the mixture, the
present process is highly effective in smelting the ore so as to
produce bodies of metallic iron without any requirement for
coal, coke, charcoal or any other of the traditional high energy
fuel that was heretofore used in commercial processes to
produce the required high temperatures and reducing gases
necessary for smelting iron. Further features of the invention
will be described in more detail in connection with the accom
panying figures and following specification describing the
invention by way of example.
BRIEF DESCRIPTION OF THE FIGURES
FIG. 1 is a diagrammatic vertical sectional view taken
through a furnace showing the reduction of iron ore in accor
dance with the present invention.
FIG. 2 is a vertical sectional view taken through the cru
cible shown in FIG. 1 on a larger scale with an iron ore mass
as it appears before smelting in the furnace.
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The iron oxide ore used as a starting material, typically
taconite, hematite or limonite can be used in any suitable
commercially available particulate form, preferably in the
form of fine particles. While particles as large as 0.25 inch in
diameter or laiger could be used, processing times would be
unnecessarily long and particles would not lend themselves to
being formed into a coherent mass. Consequently, it is pre
ferred that small particles be used, the most preferred being
particles that are finely ground. By “finely ground” is meant
particles 90% of which will at least pass a 75 micrometer
screen and most preferably a 90% passing a 50 micrometer
screen. Very good results have been achieved by using ore
particles in which 90% pass a 25-micrometer screen. Other
particulate iron oxide ores can be used in the particle sizes that
are commercially available. By using finely ground particles,
it has been found that yields and processing times can be
optimized and the ore is well adapted to be formed into a
coherent mass such as a pellet, briquette or lump as will be
described hereinbelow. Taconite ore for example is available
commercially from ore concentrators which reduce the ore to
particles, 90% passing 25 micrometers and consisting of 95%
Fe30 4 and 5% silica. Generally speaking the finer the par
ticles, the more readily they can be formed into a coherent
mass and the faster the process time. The use of a binder is not
utterly essential to the successful operation of the invention
since any way of compacting the particles into a compact
mass can be used.
To begin the process according to the present invention, the
iron oxide particles are mixed with a reductant that is sub
stantially devoid of free carbon. A suitable reductant can
either be a biomass material or a plastic resinous material
such as a synthetic resin especially a recycled or recyclable
plastic resinous material in particulate form or mixture
thereof in any proportion. The term “biomass” has been
defined in the McGraw Hill Chemical Encyclopedia o f Sci
ence and Technology 2005 as: “Organic matter produced by
plants such as leaves, roots, seeds and stalks. In some cases,
microbial and animal metabolic wastes are also considered
biomass. The term biomass is intended to refer to materials
that do not go directly into foods or commercial products but
may have alternative industrial uses. Common sources of
biomass are: 1.) agricultural wastes such as corn stalks, straw
and hulls or manure, etc., 2.) woody materials, wood or bark,
sawdust and mill scraps, 3.) municipal waste such as waste
paper, grass, leaves and yard clippings, 4.) energy crops, such
as poplars, willows, switchgrass, alfalfa, prairie bluestem,
corn starch and soybean oil.”
The term “biomass” used herein is however intended to be
broader in scope than the foregoing definition and means any
organic matter especially plant or animal matter containing
organic polymeric material that is devoid or substantially
devoid of free carbon. In addition to biomass materials, the
invention can employ as a reductant a synthetic polymeric
material that is devoid or substantially devoid of free carbon
such as recycled or recyclable plastic that was formerly
deposited in landfills. Biomass materials are distinctly differ
ent from the coal, charcoal or coke previously used in tradi
tional smelting processes and in direct iron processing as
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noted above, since the latter comprise high eneigy fuels that
are in large part or almost entirely free carbon. Biomass
materials by contrast, as defined herein have very little if any
free carbon. The carbon present is in organic polymeric mol
ecules such as polysaccharides, cellulose, starch and lignin in
the case of wood. Wood consists of 70%-80% cellulose, an
organic polysaccharide polymer and 20%-30% lignin, a non
polysaccharide organic polymeric substance. Besides wood
chips or wood pulp, sawdust, etc., of the invention can employ
a wide variety of non-woody biomass material such as grass,
grains, stalks and the like which consists largely of cellulose
and other saccharide polymers.
As noted briefly above, coal, coke or charcoal were for
merly relied upon to produce the reducing gases required.
There was also heretofore, a general belief that only a fuel
with a high heating value was effective. Wood, for example,
has a heating value of only about half that of coal and less than
half that of coke. Wood was therefore converted to charcoal in
a separate process prior to smelting. Accordingly, well estab
lished commercial practice leads one away from the use of
biomass materials as a reductant for smelting iron oxides. The
biomass materials useful herein include carbohydrates and
other organic polymeric compounds and hydrocarbons other
than coal, coke or charcoal. Examples include paper, paper
pulp, cellulositic paper mill waste sludge, ground wood,
wheat flour, com meal, dried sugar beet waste pulp, grass
clippings, leaves and stems, chopped straw, corn stalks, saw
mill waste, dried post-consumer organic wastes, dried sewage
sludge, peat, starch, gluten, lignin, dried distillers grain and
other solid residues from alcohol production, molasses,
switchgrass and other biomass crops. Recycled or recyclable
plastic resins can also be used, the most preferred being
non-chlorinated plastic resin.
After the ore particles and the reductant are mixed together,
the material is formed into a coherent mass. The mass can
comprise pieces or lumps of any size desired the most useful
being pellets, briquettes or other agglomerates in which the
particles are bonded together by a binder that may comprise
the reductant itself or a binder that has been added to the mass.
While binding or coherency can be accomplished in many
different ways that will be apparent to those skilled in the art,
it is conveniently accomplished by adding water to the iron
oxide and reductant mixture to form a dough especially when
the organic material is derived from a biomass or by melting
the organic resinous plastic material if it is thermoplastic into
the iron oxide particulate material. If the reductant initially
has adhesive qualities, the addition of water is not needed.
The biomass itself normally provides the adhesion by acting
as a binding agent to hold the mixture of iron ore and biomass
material in a coherent mass i.e., in agglomerated form for
enabling the material to be further processed. Biomass that is
rich in starch such as flour works well as a binder. If the
primary biomass being used has relatively little binding
capacity such as ground wood, the addition of a small quan
tity of flour made from grain can be used as a binder and has
been found to perform very well. It was found that the addi
tion of grain flour in the amount of approximately l%-2% by
weight of the iron ore to which moisture has been added
provides outstanding results as a binder. Lignin, gluten and
other organic materials with adhesive qualities are also suit
able for use as reductants with natural adhesive qualities
allowing them to serve as a binder.
While the mass of ore and reductant material can be of any
suitable size, it is preferred to provide pieces of pellets or
briquettes which are small enough so that the heat quickly
reaches the interior of each piece, the most useful being less
than 4-8 cm. in diameter and preferably in the range of about

0.25 cm in diameter to about 4 cm in diameter, the most
preferred being in the range of about lh cm to 2.5 cm in
diameter. It is convenient to form the coherent mass into
generally round pellets which can be done in any known
manner, for example, by using an ore pelletizer with a rotating
surface supporting the mixture onto which water is sprayed as
a fine mist or using any other suitable pellitizer known to
those skilled in the art. If the formed pieces or pellets contain
moisture, they are preferably dried at least until the pellets are
self-supporting but most preferably until the pellets develop
substantial firmness that enables them to be placed in a bed
about 6 inches deep without falling apart.
After the ore and reductant have been weighed, they are
thoroughly mixed in a mixer of any suitable commercially
available type such as a kneader-mixer. Mixing is continued
while the mass is moistened slightly until the mixture begins
to agglomerate. In one preferred method the agglomerates are
rolled, pressed or otherwise formed into balls or pellets con
taining, for example, 25 grams of iron ore concentrate each
and 7.5 grams of the reductant. They are then dried in either a
batch or continuous dryer, for example, at about 105° C. The
formed coherent masses of material are now firm and have
sufficient hardness to be self-supporting and to be placed in a
bed of the pellets or lumps, briquettes typically about 6-8
inches deep in an industrial furnace. However, the depth of the
bed is not critical. Small batch quantities for test purposes can
comprise one or any number of pellets or pieces.
The furnace can be heated in any well known manner
independently of the chaige of material placed in the furnace,
for example by the burning of solid or liquid fuel such as
natural gas, propane, fuel oil or can be heated electrically with
electric resistance heaters. One suitable furnace for experi
mental test runs is a Thermolyne Model F46128CM high
temperature electrically heated furnace. Any of a variety of
industrial scale furnaces can be used. Refer now to the figures
which illustrate the invention further by way of example. A
vertical sectional view of an electrically heated furnace used
for experimental purposes is shown in FIG. 1. The furnace 10
comprised of a refractory enclosure 12 with a furnace cham
ber 14, a hearth plate 16 formed from a refractory and a
crucible 18. Heat is supplied by two sets of electric heating
elements shown at 20 and 22. A thermocouple is shown at 23.
The crucible 18 which is formed from clay and graphite
contains a refractory supporting bed 24 that does not enter
into the chemical reaction or smelting process but serves to
hold the ore pellet 26 in place in the oven and to receive the
metallic iron that is produced. By the term “refractory” herein
is meant a material adapted to retain its physical shape and
chemical identity when subjected to smelting furnace tem
peratures and which does not enter chemically into the reduc
tion of the ore. During the firing process which may be
accomplished in as little as 20 minutes, the organic material
making up the reductant contained in the pellet 26 decom
poses and it is the decomposition products of the organic
material that reduce the iron oxide to metallic iron. The metal
lic iron melts while impurities are expelled from the melt as a
slag product leaving one or more droplets 28 and 30 that upon
cooling solidify as pieces of metallic iron suitable for use in
steel making. During the smelting process, the metallic iron
absorbs excess carbon from the organic material which
becomes incorporated into the iron allowing it to melt at a
lower temperature (about 1200° C.) than is possible with pure
iron which melts at about 1539° C.
Other materials such as calcium oxide or calcium carbon
ate can be added as fluxes to improve the melting and slag
separation from the metallic iron. The finished agglomerates
or other coherent masses of material are further processed in
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a separator of any well known commercially available kind to
separate and collect the metallic iron.
It can be seen from the above description that the invention
has the advantage of allowing renewable and recyclable
organics to be used as reducing agents without having to first
process the organics to produce charcoal or otherwise prepare
them for the smelting process. Accordingly, they can be used
in a raw form and since many of them are surplus or consid
ered to be waste products the smelting process can often be
carried out at a low cost. Moreover, the production of iron
from renewable oiganics is critical in making iron production
an environmentally sustainable industry. Another advantage
of the invention results from the fact that the biomass material
or other organic acts as a binder for the pellets holding them
together until the reactions are completed. This makes it
unnecessary to use additional binders such as bentonite clay.
The elimination of separate binders results in less contami
nation of the product, smaller quantities of slag and simplifies
the control of slag properties.
The size of the iron nuggets 28 and 30 produced is con
trolled by supporting the pellets on a refractory bed prefer
ably composed of particles that will not be wetted by the
molten metal so that the droplets are distinct from the refrac
tory supporting medium and can be separated from it. FIG. 3
shows the iron nuggets after smelting. It was found that the
size of the iron pieces that are produced is controlled by
supporting the coherent mass of ore and reductant 26 on a bed
of refractory particles 24 especially fine particles that will not
be wetted by the molten metal 28 and 30. As the pellets 26 or
other bodies are converted to metallic ironnuggets 28 and30,
the liquid iron melts and flows to collect in pockets in the
refractory bed under the pellets. Some of these drops of liquid
iron merge, but for the most part, they remain as separate
drops 28 and 30 that form individual metal bodies or nuggets
upon cooling. Various refractory materials can be used.
Examples of suitable refractories include alumina (A120 3)
mixed with boron nitride or mullite (Sillimanite) (2Si02:
3A120 3) mixed with zirconia (Z i02). Another suitable refrac
tory that can be used is powered graphite or carbon particles
such as petroleum coke. In producing sample quantities of
metallic iron as in the figures, a refractory comprising bed of
ground petroleum coke which largely fills the crucible can be
used. The refractory material is not consumed but only serves
to support the agglomerates as they melt to form free metallic
iron while the pellets 26 or other agglomerates of ore and
biomass material rest on the loose bed o f refractory material
24.
Refer now to FIG. 4 which illustrates diagrammatically a
smelting operation in accordance with the invention in an
industrial smelting furnace that is used on a commercial scale
for smelting iron. In this case a conveyorized furnace is shown
by way of example. The invention can however be applied in
a variety of furnaces including rotary hearth furnaces, shaft
furnaces or bath smelting furnaces among others. The furnace
indicated generally by the numeral 32 is formed largely from
a refractory material and includes a furnace chamber 34 hav
ing an inlet 36 and a conveyorized transporter only a part of
which is shown including ore carriers 38 that pass into the
furnace 32 during operation through the inlet 36 into the
heated furnace interior 34. The carriers 38 are filled as they
enter the furnace with a layer of the preformed bodies 26
containing the ore and reductant as described above which
can be piled up to any desired depth or placed in a single layer
equal to the height of only one of the bodies 26 so that each
one of the agglomerates 26 is supported on the upwardly
facing refractory surface of the carrier 38 which may be either
a solid refractory or comprise loose particles of any suitable

commercially available refractory in powered form. After the
smelting operation is completed in the furnace 32, the carriers
38 are unloaded and the metallic iron is separated from the
remaining slag. The resulting iron pieces or nuggets are con
veniently shipped, are stable against corrosion and can be
used as a replacement for scrap iron in basic oxygen furnaces
or for remelting in electric furnaces used in steel making.
It has been found that smelting can be carried out at rela
tively low temperatures using the invention. Iron nuggets
have been produced using biomass reductant at temperatures
of 1350° C.-14500 C. with processing times o f from about 20
to about 40 minutes. The highest furnace temperature that can
be used is limited only by the capability of the furnace. It is
possible that metallic iron could be made using the invention
at a temperature somewhat lower than 1350° C. e.g., 1300° C.
by allowing additional time for the carbon contained in the
biomass material or synthetic resin to diffuse into the metal
and reduce its melting point. In an industrial implementation,
any heat source capable of reaching the desired temperature
will be suitable as previously noted including electric heating,
natural gas, coal combustion or the combustion of any other
economical high temperature fuel. The invention is capable of
producing outstanding yields. Yields as high as 84.5% have
already been achieved which compares very favorably with
that of a conventional blast furnace which may yield only
1,000 tons of pig iron for each 2,000 tons of hematite (Fe20 3)
for a yield of 71.4%.
After smelting when the agglomerate has cooled it was
found that the porous, low-density slag contained most of the
impurities and that it easily broke free from the metallic iron
bodies that were produced. While the metallic iron can be
produced with only the theoretical stoichiometric amount
needed to reduce the iron, for practical purposes and to assure
sufficient reductant, in practice a quantity of organic material
is used that is in excess of the amount that is theoretically
needed to reduce the iron. The iron ore preferably comprises
between about 60%-90% by weight of the mass and most
preferably from about 65% to about 85% of the mass. Iron
nuggets can be successfully produced using the invention
with essentially complete reduction of the iron oxides to iron
using biomass additions material in the range of about 20%30% of the oxide by weight of the pellet or other agglomer
ated mass. Both magnetite (Fe30 4,) and hematite (Fe20 3)
have been successfully reduced through the use o f the inven
tion to produce metallic iron. The carbon content of the result
ing metallic iron was in the range of about 2% to about 4%; a
pig iron product which may have an iron content up to about
4% by weight. Pig iron produced by traditional processes
averages about 92%-94% iron with the balance made up of
carbon and other impurities. The pig iron produced by the
present invention is stable against corrosion, can conve
niently be shipped and is outstanding feed stock for steel
making either by remelting in electric furnaces or by replace
ment of scrap iron in basic oxygen furnaces.
On an industrial scale, the present invention makes it pos
sible to produce pig iron nuggets using any of several types of
furnaces including rotary hearth furnaces, shaft furnaces or
bath smelting furnaces. In addition to electric resistor fur
naces, other types of furnaces can be used such as induction
heating furnaces in which an alternating magnetic flux is used
to produce heating in an electrically conductive substance or
by other means such as arc furnaces, among others. As
already noted, the heat for carrying out the smelting operation
is supplied separately from the material used as a reductant in
the conversion process while the reducing power for convert
ing the oxide to free metal is provided by the hydrocarbon or
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carbohydrate polymer that is part of the coherent mass that
makes up the pellet, briquette or other agglomerated body.
The iron making industry has, prior to the present invention
been unable to take advantage of the large quantities of bio
mass and recycled organics such as recycled synthetic plastic
resins in smelting iron ore which the present invention now
makes use of.
The invention has a number of advantages and benefits.
Since the reductant is derived from renewable sources, the
process results in no net increase in atmospheric carbon diox
ide over the long term. The reductant can also be produced
locally, close to the iron processing facility rather than being
shipped a considerable distance. Moreover, the hydrogen
content of the reductant assists in the reduction of the metal
oxides. The hydrogen that is not consumed by reacting with
ambient oxygen is available for reducing the metal oxides. In
the present invention, the reductant is not the primary source
of heat. External heat is provided as described above in any
convenient way. This makes it possible to select reductants
entirely based on their performance as reducing agents with
out regard to their value as a fuel. The heat source can be
optimized separately with the sources of heat selected based
only on their heating efficiency but without regard to whether
they have any ability to reduce iron oxide to the metallic iron.
This allows the present process to be more efficient than prior
processes using coal, coke, charcoal as a reductant and heat
ing fuel.
Another benefit results from the adhesive qualities that are
present in many biomass materials which act as binders to
hold the iron ore reductant bodies together as a cohesive mass
while they are processed. There is therefore no need to use
inorganic binders such as bentonite clay which would con
taminate the ore and result in increased slag volumes. More
over, most biomass materials have a low content of inoiganic
compounds and therefore produce lower slag volumes than
reductants such as coal or charcoal which have a much higher
content of inorganic matter.
All references cited herein are incorporated by reference to
the same extent they would be if reproduced in full within the
text of the present application.
The invention will be better understood by reference to the
following examples:

was mixed with ground wood comprising Carbondry® wood
chips averaging about 1 inch in length and Vs inches in thick
ness provided by Carbontec, Eneigy Corporation of Bis
marck N.D. containing about 5% moisture. The chips were
5 dry ground in a rod mill to pass through a 4.75 mm sieve. A
small quantity of wheat flour was also added to act as a binder
since the ground wood did not have enough cohesion to be
formed into a cohesive mass. The magnetite and ground wood
and flour were weighed, mixed together in a kneader-mixer
to with moisture added to produce slight moistening until the
mixture began to agglomerate. The mixture was then formed
into balls containing about 25 grams of iron ore concentrate
and about 7.5 grams of ground wood chips and wheat flour,
resulting in a reductant weight that was 30% of the weight of
15 the magnetite. The agglomerated pellets which averaged
about 2 cm in diameter were then dried at 105° C. and placed
in a clay graphite crucible as shown in FIGS. 1 and 2 contain
ing a refractory supporting base consisting of petroleum coke
which held the pellets but was not consumed and did not enter
20 into the reaction. The agglomerated pellets were fired at a
temperature of about 1475° C. for about 25 minutes. After
cooling, the metallic iron that was produced was separated
easily from the adhering slag.
25

EXAMPLE 2

Metallic iron was produced from magnetite in four experi
ments as in Example 1 except that the firing temperature was
reduced to 1425° C. and 1400° C. The feed mixture consisted
30 approximately of magnetite 100 grams, ground wood 30
grams and wheat flour 2 grams. The combined mixture was
divided into four portions to form agglomerates containing
approximately 25 grams of magnetite, 7.5 grams of ground
wood, and 0.5 grams of wheat flour each. A good metallic iron
35 product was produced when the firing time was at least 20
minutes.
EXAMPLE 3

In a third run, the feed mixture consisted of magnetite 100
40 grams, ground wood 20 grams and wheat flour 2 grams. The
combined mixture was divided into four portions to form
agglomerates containing approximately 25 grams of magne
tite, 5 grams of ground wood, and 0.5 grams of wheat flour
EXAMPLE 1
each. The individual pellets were then fired at temperatures
45 ranging from 1375° C. to 1425° C. After firing in the furnace,
a good metallic iron nugget product was produced.
An iron ore concentrate comprising magnetite (Fe30 4)
from the Empire mine, Ishpeming MI, consisting of particles
The results obtained from Examples 2 and 3 are shown in
90% passing 25-micrometer screen and containing 5% silica
Table 1 below:
TABLE 1
Mixture Ratio
Example
2

3

Heating

Initial

Finished

Sample

Magnetite;

Furnace

Time,

Pellet Wt.,

Nugget Wt.,

Estimated %

Number

Wood; Flour

Temp., ° C.

Minutes

Grams

Grams

iron recovery

1

100:30:2

1425

15

31.4

(no slag separation)

2

100:30:2

1425

20

32.13

13.78

82.29

3

100:30:2

1425

25

31.54

13.82

84.07

4

100:30:2

1400

30

31.94

14.07

84.52

5

100:20:2

1425

25

30.27

13.87

81.26

6

100:20:2

1425

20

29.65

11.56

69.14

7

100:20:2

1400

30

29.95

13.14

77.81

8

100:20:2

1375

30

29.63

13.08

78.28
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The column marked “Initial Pellet Weight” is the total
weight of the individual pellet including magnetite reductant
and binder. The estimated percentage of iron recovery is
based only on the weight of the primary metallic iron piece
produced and does not include the weight o f the small beads
of metal which were included in the slag. It was concluded
that under the conditions existing in the furnace that was used,
a minimum of 20 minutes was needed to carry the reduction
process to completion and for the metal and slag to separate
successfully.
The nuggets made with a lower content of ground wood
had a slightly reduced iron recovery compared to pellets made
with a higher wood content indicating that a 20% level is not
sufficient to completely reduce all of the iron oxide to metal in
the furnace that was used. It was found that metallic iron
could be successfully made at a furnace temperature as low as
1375° C. The nuggets produced had a mean apparent density
of 7.3 g/cm3 which is denser than a directly reduced iron that
is currently being produced using mixtures of powdered coal
and iron particles and is comparable to pig iron produced by
a blast furnace. The carbon content is about 4%.

What is claimed is:
1. A method for the direct production of a metallic iron
product from iron in an oxidized state utilizing a single heat
treatment step comprising,
providing a source of iron particles in an oxidized state
providing a reductant including at least one material
selected from the group consisting of particles of biom
ass material, a plastic resinous material and mixtures
thereof, said material being substantially devoid of free
carbon,
mixing the reductant together with iron in said oxidized
state to form a combined mass thereof,
placing the combined mass in a furnace for reducing the
mass while the biomass or resin remains in an uncarbur
ized state,
heating the combined mass in said reducing furnace suffi
ciently to enable the reductant material to reduce oxi
dized iron by direct action of constituents released from
the heated reductant material,
whereby metallic iron product is produced within the fur
nace.
2. A method as in claim 1 including the step of providing at
least part of said iron in an oxidized state, as at least one iron
compound selected from the group consisting of magnetite,
hematite or limonite.
3. A method as in claim 1 wherein the biomass material and
the resinous material are placed in the furnace substantially
devoid of free carbon and the combined mass is heated in said
furnace sufficiently to reduce oxidized iron by a direct action
of the reductant through the libration of hydrogen and free
carbon from the biomass or resinous material within the fur
nace.
4. A method as in claim 1 wherein the combined mass is
formed into separate bodies selected from the group consist
ing of pellets, briquettes, pieces and lumps prior to being
placed in said reducing furnace.
5. A method as in claim 1 including mixing a binder with
the combined mass for binding the particles to each other
before heating the combined mass.
6. A method as in claim 1 wherein the plastic resinous
material is provided as a substantially chlorine-free plastic
resin.
7. A method as in claim 1 wherein the combined mass
comprises separate bodies that are heated sufficiently in the
furnace to form bodies of metallic iron and slag and including
separating the slag from the bodies of metallic iron.
8. The method of claim 1 wherein the combined mass
comprises pieces or bodies and the pieces or bodies are sup
ported in the furnace on a bed comprising at least one member
selected from a non-carbonaceous refractory material and a
carbonaceous refractory material comprising graphite or car
bon particles.
9. The method of claim 1 including
forming the combined mass into separate bodies selected
from the group of pellets, briquettes, pieces or lumps or
combinations thereof,
providing as said iron in an oxidized state, particles of iron
ore,
the combined mass comprising bodies of iron ore and one
or more compounds reductant are fired in the furnace to
thereby produce bodies of a pig iron product, and
removing the pig iron product bodies from furnace and
separating slag therefrom.
10. The method of claim 1 wherein,
the iron in an oxidized state comprises iron ore in particu
late form,
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EXAMPLE 4
In another run, agglomerates comprising pellets were
made using the following compositions: 50 grams magnetite
and 20 grams of polypropylene plastic resin. After mixing, the
mixture was heated in a microwave oven to melt the polypro
pylene which was then mixed thoroughly, divided in half, and
pressed into two compact coherent masses about 2 cm in
diameter each and allowed to cool and harden. In a second
sample run, the polypropylene was replaced with 20 grams of
wheat flour and a small quantity of water to make a stiff
dough. This mixture was kneaded and formed into two balls
approximately 2 cm in diameter then heated to 100° C. until
dried.
In both compositions, the agglomerated pellets were pro
cessed as follows. A clay-graphite crucible was filled with a
refractory supporting base consisting of granular coke (car
bon) to hold the agglomerates in place as shown in FIG. 2. The
crucible was placed in the electrically heated box furnace
(FIG. 1) that had already been heated to 1475° C. The crucible
containing the agglomerated pellets remained in the furnace
for 20 minutes and was removed and allowed to cool naturally
to room temperature. The metallic iron product produced was
a high-density metallic iron body 28 that contained the major
ity of the iron originally present in the iron oxide organic
agglomerate together with a porous, low-density slag that
contained most of the impurities and was easily broken free
from the surface of the metallic iron body produced.
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EXAMPLE 5
Iron ore reduction is carried out as in Example 2 except that
in place of ground wood, the following reductants are used in
separate product runs: paper particles, paperpulp, cellulositic
paper mill waste sludge, ground wood, dried sugar beet waste
pulp, grass clippings, recycled andrecyclable plastic resinous
material, wheat flour, corn meal, chopped straw, corn stalks,
sawmill waste, dried post-consumer organic wastes, dried
sewage sludge, peat, starch, gluten, lignin, dried distillers
grain, solid residue from alcohol production, molasses and
switchgrass.
All quantities presented herein are given in parts or per
centages by weight.
Many variations of the invention within the scope of the
following claims will be apparent to those skilled in the art
once the principles described above are understood.
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the combined mass is placed into at least one body of a
selected form,

14

12. The method of claim 1 wherein the combined mass
includes a smelting flux for improving slag and melting prop
erties of the metal.
the at least one body is supported within the furnace on a
13. A method as in claim 1 wherein said iron product
bed of material comprising a refractory substance, and
5 includes pig iron.
the at least one body is fired in the furnace at a temperature
14. A method as in claim 1 wherein said reducing furnace
of at least about 1300° C. to thereby directly form bodies
is heated to temperatures of at least about 1300° C.
of a metallic iron product in said furnace in the absence
15. The method of claim 1 wherein the combined mass
includes a smelting flux for improving slag and melting propof further heat treatment following removal thereof from
10 erties of the metal and the combined mass comprises separate
the furnace.
11.
The method of claim 1 wherein the biomass is selected bodies that are heated sufficiently in the furnace to form
bodies of metallic iron and slag and including separating the
to have an adhesive quality to thereby act as a binder for
slag from the bodies of metallic iron.
causing the combined mass to adhere in the formation of
separate bodies thereof.

